Mammographic density is an independent risk factor for breast cancer. In postmenopausal women, higher levels of endogenous sex steroids are associated with an increased risk of breast cancer. Limited prior data suggest that endogenous sex steroids either are not associated (total estradiol and progesterone) or are negatively associated (free estradiol) with higher mammographic density. To analyze the associations between endogenous sex steroids and mammographic density, the authors conducted a 1998-2005 cross-sectional analysis of baseline clinical trial data from the Postmenopausal Estrogen/Progestin Interventions (PEPI) Trial for US women who had not used hormone therapy for at least 3.1 months prior to baseline. In models adjusted for age, body mass index, parity, prior use of hormone therapy, time since last use of hormone therapy, and the interaction between prior hormone therapy use and time since last hormone therapy use, higher levels of estrone (b ¼ 0.0013, p ¼ 0.014), estradiol (b ¼ 0.0009, p ¼ 0.009), and bioavailable estradiol (b ¼ 0.0021, p ¼ 0.018) were statistically significantly related to greater mammographic density. (Beta coefficients express the increment in mammographic density per-unit increment (pg/ml) of each hormone.) These results suggest that some sex steroids may increase the risk of breast cancer by stimulating breast epithelial or stromal proliferation, which appears on a mammogram as higher density. breast neoplasms; mammography; menopause; receptors, steroid; risk factors Abbreviations: BDL, below detectable limits; BMI, body mass index; PEPI, Postmenopausal Estrogen/Progestin Interventions; SHBG, sex hormone-binding globulin.
categorically (8, 9) or as a continuous measure (percent density, which quantifies the proportion of the breast area that consists of dense tissue) (10) (11) (12) .
One proposed explanation for the increased risk of breast cancer conferred by denser breasts is that the radiologic appearance of higher mammographic density corresponds to greater proliferation of breast epithelial and/or stromal tissues (2) . Consonant with this thesis, the vast majority of studies (13) (14) (15) (16) (17) (18) (19) (20) that compared findings on mammographic density with breast tissue histology reported that higher stromal or epithelial proliferation was associated with greater degrees of mammographic density. More cellular proliferation may be one pathway to cancer causation because cells that turn over at a faster rate are more subject to errors in DNA replication (21, 22) .
Our interest in studying the relation between endogenous sex steroids and mammographic density stems from the known proliferative effects of estrogens and progestins on mammary tissues (23) and the theory that endogenous sex steroids are implicated in the etiology of breast cancer (24, 25) . We analyzed data from the Postmenopausal Estrogen/ Progestin Interventions (PEPI) Mammographic Density Study (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (26) to address the following question: Among postmenopausal women, is there an association between mammographic percent density and serum levels of endogenous sex steroids and sex hormone-binding globulin (SHBG)?
MATERIALS AND METHODS
The PEPI study enrolled 875 postmenopausal women, aged 45-64 years, at seven clinical centers in the United States; the design of PEPI, the parent study for this mammographic density substudy, has been detailed previously (27) . Briefly, exclusion criteria were any major contraindication for use of estrogen or progestin treatment (including history of breast cancer), any cancer other than basal cell skin cancer within the previous 5 years, insulin-dependent diabetes mellitus, body mass index (BMI) greater than 40 kg/m 2 , severe menopausal symptoms, or current use of estrogens or progestins. (Women could elect to stop hormone use for at least 2 months prior to the first screening visit, referred to herein as having ''quit hormones for PEPI.'') Exclusions for gynecologic reasons included last menses occurring less than 12 months or more than 10 years prior to random assignment, last menstrual period occurring prior to age 44 years, hysterectomy less than 2 months prior to the first screening visit, bilateral oophorectomy before age 44 years or more than 10 years prior to random assignment, or a follicle-stimulating hormone level of less than 40 mIU/ml.
The purpose of the PEPI Mammographic Density Study was to investigate the associations between hormones (endogenous and exogenous) and mammographic density. The PEPI mammographic density study used demographic, medical, behavioral, and laboratory data already collected for PEPI (27) and attempted to retrieve all baseline and 1-year follow-up mammograms. We were able to retrieve baseline mammograms for 603 of the 875 PEPI participants; 272 were unavailable. Seven films were excluded because of breast implants, and two films were excluded because of inadequate mammographic technique, yielding a total baseline study sample of 594 (68 percent of the original PEPI participants). The relation between endogenous sex steroid hormones and mammographic density could be obscured by the effect of recent hormone use on either mammographic density or endogenous sex steroid levels (26, 28) . Therefore, we conducted initial analyses stratified by recent hormone use, defined as having quit hormones to join PEPI (173 women quit hormones to join PEPI; among them, sex steroid values were available for 171). We found no relation between mammographic density and endogenous hormones among women who quit hormones to join PEPI (data not shown). Thus, this article focuses on the results for the 404 Mammographic Density Study participants who did not have to quit hormones to participate in PEPI. The mean duration since last hormone therapy use among the 404 women in the analytic sample was 44.3 months (range, 3.1-311 months).
Demographics, medical history, lifetime use of cigarettes, prior hormone therapy use, physical activity, and alcohol consumption were assessed by using standardized questionnaires (29) (30) (31) . Height and weight were measured with participants wearing light clothing and no shoes. BMI was calculated as body weight in kilograms divided by the square of height in meters.
Fasting blood samples were drawn between 7 a.m. and 10 a.m. Assays were run by B. R. Hopper in the Reproductive Endocrinology Research Laboratory at the University of California at San Diego. Estrone, total estradiol, and total testosterone were measured by radioimmunoassay after organic solvent extraction and celite column chromatography; progesterone was measured by radioimmunoassay after organic solvent extraction (32) . Bioavailable levels of estradiol and testosterone were determined by a modified ammonium-sulfate precipitation method (33) . SHBG was measured by using a modified Rosner method (34). Sensitivity and intra-and interassay coefficients of variation were, respectively, 4.0 pg/ml, 6 percent, and 9 percent for estrone; 3.0 pg/ml, 6 percent, and 7 percent for estradiol; 1.5 pg/ml, 6 percent, and 8 percent for bioavailable estradiol; 20 pg/ml, 4 percent, and 5 percent for testosterone; 6 pg/ml, 7 percent, and 11 percent for bioavailable testosterone, 5 nmol/liter, 6 percent, and 8 percent for SHBG, and 0.05 ng/ml, 6 percent, and 9 percent for progesterone.
Serum estrone levels were below detectable limits (BDL) in one participant, total estradiol levels were BDL in 32 participants, and bioavailable estradiol levels were BDL in 33 participants. In regression models that imputed hormone values, a value one unit below the lower limit of detection was substituted for BDL readings.
Craniocaudal mammogram films of the left breast were scanned by using software and hardware that have been described previously (26) . We studied only the left breast because we (35) and others (36) have shown virtually complete concordance between right and left breast density readings. One of the authors (G. U.) performed all density assessments by using a previously described, computerassisted, quantitative method (12) .
In a 10 percent random sample, test-retest reliability for breast density, percent density, and total breast area was calculated separately for mammograms rated by this same author (G. U.) as not difficult to read and for those judged difficult to read. For nondifficult-to-read films (n ¼ 104), the intraclass correlation coefficients were greater than 0.95 for total breast density, percent density, and total breast area. For 16 films considered difficult to read, the intraclass correlation coefficients were 0.93 for breast density, 0.91 for percent density, and greater than 0.95 for total breast area (26) .
We used t tests and chi-squared tests to examine pairwise differences in baseline characteristics between the 404 participants in our analytic sample, the 190 participants excluded from the analytic sample (because of recent hormone use (n ¼ 171), missing baseline endogenous serum sex steroid measures (n ¼ 17), or poor mammogram quality that precluded density reading (n ¼ 2)), and the 281 original PEPI study participants who were not part of the PEPI Mammographic Density Study. Two-sample t tests were used to compare endogenous sex steroid and SHBG levels in the analytic sample and in those who were recent hormone users in two ways: first, by excluding cases for whom the values of estrone, estradiol, or bioavailable estradiol were BDL; and second, by using interpolated values for cases whose levels were BDL. Because hormone values were not normally distributed, we estimated the Spearman correlation coefficients between the endogenous sex steroids and SHBG.
Linear regressions were performed to examine the relations between baseline mammographic density and endogenous sex steroid levels. For ease of interpretation, all models presented in this paper use raw rather than log-transformed values of each hormone; models using log-transformed hormone values yielded the same results (data not shown). Regression models were constructed as follows. First, ageadjusted models with mammographic density as the outcome variable and each hormone as the primary exposure were estimated. Second, a set of covariates that may affect mammographic density, hormone levels, or both, was added to the age-adjusted model; these covariates were cigarette smoking (current, former, or never), physical activity (tertiles, based on the PEPI physical activity scale), alcohol consumption (tertiles, based on the PEPI food frequency questionnaire), and parity. These models were then reduced by stepwise elimination of covariates that did not substantively affect the relation between each hormone and mammographic density; only parity and age were retained at this step. Third, to examine the influence of BMI, BMI was added to the parity-and age-adjusted models. Next, ever use of hormone therapy, time since last use of hormone therapy, and an interaction between these two variables were added to the age-, parity,-and BMI-adjusted models; this constituted our final models. Quadratic relations between sex steroid and SHBG levels and mammographic density were explored, but no quadratic terms remained in the models. To assess for a potential interaction between BMI and sex steroid level, we stratified models by BMI quartile as well as checked for a multiplicative interaction between hormone and BMI.
Final models were rerun by excluding hormone outliers detected by examining dfBeta values (37) . In addition, for the estrogen exposures, we excluded interpolated values for cases whose levels were BDL. Because model results were not affected by the inclusion or exclusion of either the statistical outliers or the interpolated estrogen values, we included these values in the models that we present as our primary results. Because of the interrelatedness of some sex steroid exposures, we fit selected models to predict mammographic density by using more than one hormone. The sample of 56 non-Caucasians was too small to permit analysis by race-ethnicity; models were rerun restricted to Caucasians, and the results were not affected. All tests of hypotheses and p values were two sided. Analyses were conducted by using STATA software (38) . The protocol was approved by the institutional review boards at each participating center.
RESULTS
The characteristics of the 404 PEPI Mammographic Density Study participants whose data were used to study the relation between endogenous hormones and mammographic density are summarized in table 1. Women in the analytic sample were generally similar to the Mammographic Density Study participants included in this analysis, except that the latter had a lower mean BMI, less current cigarette use, slightly higher average parity, and greater mean baseline mammographic density (table 1) . Also shown in table 1 are characteristics of the 281 original PEPI study participants who were not part of the Mammographic Density Study. Table 2 summarizes the average baseline values and distributions of the sex steroid and binding globulin determinations for the analytic sample and for the Mammographic Density Study subjects not included in relational analyses because they quit hormones to join PEPI. Compared with the values for the analytic sample, those for women who quit hormones to join PEPI were lower for mean levels of testosterone and bioavailable testosterone and were slightly higher for SHBG. Estrone, estradiol, bioavailable estradiol, and progesterone levels were similar in these two groups.
The mean values of estrone, estradiol, and bioavailable estradiol in the analytic sample and in the recent hormone therapy user sample, and the between-sample statistical comparisons of these means, were not substantively affected by inclusion or omission of interpolated values (table 2) .
Correlations between each of the sex steroids and SHBG values are shown in table 3. The three estrogen compounds were most highly correlated with each other, with r values of 0.61-0.88. The testosterone analytes were also strongly correlated (r ¼ 0.65).
In age-, parity-, and BMI-adjusted models, with the exception of bioavailable testosterone, each of the measured hormones and SHBG were positively related to mammographic density (table 4, model 2). The addition of prior use of hormone therapy, time since last use of hormone therapy, and an interaction term between prior use and time since last use (model 3, table 4) had virtually no impact on the estimated effect size for each hormone. In models adjusted for age, BMI, parity, prior use of hormone therapy, time since last use of hormone therapy, and the interaction between prior use of hormone therapy and time since last use of hormone therapy, higher serum levels of estrone
, and bioavailable estradiol (b ¼ 0.0021, p ¼ 0.018) were statistically significantly related to greater mammographic density. (Beta coefficients express the increment in mammographic density (one percentage unit) per-unit increment (1 pg/ml) of each hormone.) SHBG and progesterone were also positively associated with mammographic density, with magnitude effect sizes similar to those for the estrogens but at borderline levels of statistical significance. Quadratic terms (i.e., hormone term squared) were explored for each model but were not statistically significant.
Hormone values for 89 participants were classified (based on dfBeta values) as outliers in at least one model. Among these statistical outliers, nine were for women for whom an interpolated hormone value was used. Values for four participants were outliers in all eight models, one was considered an outlier in two models, and four were outliers in only one model. In models with outliers removed, the magnitude y Sample sizes for mean years since menopause were 417 (Mammographic Density Study) and 184 (PEPI participants not in the Mammographic Density Study). Women who had had a hysterectomy but had one remaining ovary could not respond to the question about years since menopause. Recency of HT use refers to the number of months since the participant last used postmenopausal HT. Sample sizes for recency of use were 301 (Mammographic Density Study) and 139 (PEPI participants not in the Mammographic Density Study). The recency-ofuse question did not apply to never users of HT and was missing for 28 former users. Quit hormones for PEPI refers to participants who were using HT prior to the initial screening visit and who opted to discontinue HT use to be screened for PEPI. Physical activity was coded as tertiles based on the PEPI physical activity scale (see reference 29) .
z Of the 190 Mammographic Density Study participants who were not included in the analytic sample, 173 quit hormone use to join PEPI, 11 were missing data on recent hormone use, six did not have endogenous hormone measurements, and, for two, mammograms were technically unsatisfactory for mammographic density assessment.
§ p value for t test of means or chi-squared test of proportions comparing the current analytic sample with PEPI Mammographic Density Study participants not included in this analysis or with original PEPI Study participants not in the PEPI Mammographic Density Study.
of the associations between each hormone and mammographic density (estimated by the hormone b coefficient) was approximately the same as the magnitude of the association in models that used the entire sample, with the exception of progesterone, which had a sevenfold higher effect size in the model that excluded outliers (data not shown). The three estrogen models were also rerun by excluding all interpolated values for cases with BDL estrogen levels; exclusion of the 32 participants who had nondetectable total estradiol levels and the 33 who had nondetectable bioavailable estradiol levels (32 of these were the same women as those with the nondetectable total estradiol levels) had no material effect on the results (data not shown).
Because the magnitude of the associations between sex steroids and mammographic density may be difficult to apprehend from the b coefficients (table 4), we present the y Recent hormone users were 173 women who quit hormones for PEPI (i.e., they were using hormone therapy at the initial PEPI screening visit and opted to discontinue HT use to enroll). Of these 173 women, two did not have baseline hormone measures.
z If the hormone level was below the limit of assay detection (applies to estrone and estradiol only), a value 1 pg/ml lower than the assay detection limit was substituted to calculate the mean value shown here (refer to the text for further details). Eight women in the PEPI Mammographic Density Study had serum progesterone levels of 0.05 ng/ml. § p value for t test comparing mean values of hormones and binding globulins for women in the analytic sample with those for women excluded because of recent hormone use. Means were calculated and statistical comparisons were made by omitting BDL values. However, when interpolated values (one unit below the limit of detection of the hormone assays) were included in the calculations, p values comparing mean levels of estrone, estradiol, and bioavailable estradiol in those in the analytic sample and those excluded from the study because of recent hormone use were not materially different from those shown in this table (data not shown). adjusted least-squares mean estimates of mammographic density by quintile of estrone, progesterone, and SHBG, adjusted for age, parity, BMI, former use of hormone therapy, duration since last use of hormone therapy, and an interaction between the latter two terms (figure 1). We found an absolute increment in mammographic percent density of approximately 5 percent when moving from the bottom to the top quintile for each case.
Some of the sex steroid hormone exposures considered in this study are biologically and/or statistically interrelated, which makes it difficult to understand their actions when they are measured at a single time point and without manipulation. On the basis of a priori biologic hypotheses, we investigated four selected models to predict mammographic density by using pairs of hormones or hormone plus binding globulin; all models were adjusted for age, parity, BMI, former hormone therapy use, time since last hormone therapy use, and an interaction between the latter two variables. To facilitate comprehension of our model choices, the rationale for each follows. First, testosterone is metabolized to estradiol; thus, one could ask whether the observed borderline effect of total testosterone on mammographic density derives from its role as a substrate for estradiol. In the joint model, the b coefficients (p values) for total estradiol and total testosterone were 0.0008 (p ¼ 0.015) and 0.0001 (p ¼ 0.347), respectively. Next, we modeled SHBG and total estradiol and SHBG and total testosterone together, because SHBG is the major carrier protein for estradiol and testosterone. The b coefficients (p values) for the total estradiol and SHBG models were 0.0008 (p ¼ 0.016) and 0.0058 (p ¼ 0.157), respectively. For the SHBG and total testosterone model, the b coefficients (p values) were 0.0064 (p ¼ 0.123) and 0.0001 (p ¼ 0.291), respectively. Overall, the effect sizes for these joint models were similar to those for the single hormone exposure models (table 4) . Lastly, because the effects of progesterone may depend on exposure to estradiol, we investigated, but did not find evidence for, an interaction between total estradiol and progesterone (p for interaction ¼ 0.184).
DISCUSSION
This study of 404 postmenopausal women who were not recent postmenopausal hormone users found a statistically significant, positive association between mammographic percent density and endogenous serum levels of estrone, estradiol, and bioavailable estradiol. Serum levels of progesterone and SHBG were associated with higher mammographic density, with similar magnitudes of effect but at borderline statistical significance levels. The average increment in mammographic percent density associated with being in the lowest versus the highest quintile for each of these hormones or binding globulin was substantial, an absolute difference of about 5 percent.
Mammographic density is a strong, independent predictor of breast cancer risk (1-4, 6, 11) . Observational studies estimate that the risk of breast cancer increases 1.5-2 percent for each percent increment in endogenous mammographic density (density not influenced by exogenous hormones) (4, 5, 39) . Therefore, mammographic density is a promising surrogate endpoint for breast cancer risk (4, 40, 41) . Understanding the biologic basis of the variation in mammographic density (in this case, sex steroid hormone profiles) may be one window into breast cancer causation and, ultimately, prevention (6, 7, 40, 42, 43) .
The hypothesis that endogenous sex steroids affect breast density stems from the theory that sex steroids are implicated in the etiology of breast cancer (24) . Early menopause is a protective factor for breast cancer (44) , and, although the number of breast cancer cases increases with chronological age, the rate of increase in breast cancer declines after menopause (45) . The Endogenous Hormones and Breast Cancer Collaborative Group found that the risk of breast cancer was positively related to higher quintiles of each sex steroid available for analysis: estradiol, free estradiol, non-SHBG-bound estradiol, estrone, estrone sulfate, androstenedione, dehydroepiandrosterone, and total testosterone (25) . The relative risk of breast cancer associated with a doubling of each of the hormone concentrations was roughly the same for each hormone, about 20-40 percent. All hormones were highly correlated; the authors inferred causality for estrogen owing to its mitogenic effect on breast tissue (21, 22) and found reduced breast cancer risk when selective estrogen receptor modulators are used (46) (47) (48) . Correspondingly, our study found a positive association between mammographic density and endogenous estrone, total estradiol, bioavailable estradiol, and total testosterone. We also identified a positive relation between mammographic density and progesterone, which the Collaborative Group did not study.
The results of one published study of the relation between mammographic density and sex steroid hormones in postmenopausal women were dissimilar from ours: Boyd et al. (42) found an inverse relation between mammographic density and non-SHBG-bound estradiol, both before and after adjustment for age and waist circumference. In their unadjusted analyses, total estradiol and progesterone were also negatively related to breast density, but these associations did not persist after adjustment for SHBG, age, and waist circumference (42) . The divergent findings do not stem from disparities in participant characteristics: both studies used similar definitions of menopause, excluded recent hormone users (the Boyd et al. study used a 6-month cutpoint), and had similar mean values and standard deviations for age, hormone levels, and mammographic density. The studies' choice of cutpoint for exclusion of recent hormone therapy users is not a likely explanation for the discrepancy in results for estradiol: PEPI analyses were adjusted for time since last hormone therapy use, and our shorter cutpoint would lead to a null rather than a systematic bias. Unlike our study, that of Boyd et al. did not report that any of the postmenopausal participants had nondetectable total estradiol measures; their total estradiol assay may have been more sensitive (the lower limit of its detection was not specified). Alternatively, the lower tail of their distribution of total estradiol values may have been slightly higher than ours. However, these possible distributional or assay differences cannot explain the disagreements in the estrogen findings: in PEPI, excluding participants who had unmeasurable estrogen levels did not change our model results. Mammographic density measurement techniques and repeatability statistics were also alike. Boyd et al. adjusted for waist circumference while this study adjusted for BMI, but our findings were not altered when we adjusted for waist circumference (data not shown).
We observed higher mammographic density in relation to higher SHBG, as did Boyd et al. (42) . The direction of this association is opposite to that observed in breast cancer studies, where higher SHBG predicts lower risk (25) . Hormonal theories of breast cancer causation also predict an inverse association between SHBG and cancer risk because SHBG-bound estrogen does not readily enter cells (21, 22) . However, SHBG has recently been shown to regulate steroid action through a mechanism involving steroid signaling at the cell membrane (49) in both normal and cancerous breast tissue (50) . Downstream effects can be agonistic or antagonistic. For example, SHBG receptor signaling inhibits estradiol-induced growth of human breast carcinoma cells (51) and enhances both estradiol-and dehydrotestosteronemediated growth of human prostate cancer cells (52) . To our knowledge, the role of the SHBG cell-membrane-associated receptor system has not been studied in normal breast tissue; however, it is plausible that the positive association of SHBG with mammographic density may be due to a cellmembrane-associated, SHBG-receptor-mediated effect. Strengths of our study include its use of a continuous measure of mammographic density, high reproducibility of density readings, and sensitive hormone assays targeted to the postmenopausal range. Shortcomings must also be considered. First, the cross-sectional design limits causal inference. Second, all hormone exposures were single measures; in the short term, measured levels of estradiol vary in postmenopausal women, likely because of assay differences (53) . However, short-term imprecision should result in nondifferential misclassification-making associations more difficult to observe. Third, we chose to retain the original PEPI design and use 3 months as our cutpoint for excluding recent hormone therapy users. This approach could be criticized because the amount of time it takes for exogenous hormone therapy to wash out is not known. We hypothesized that the breast density of recent hormone therapy users would be affected for some period of time after having used hormone therapy, because a trophic effect would not wear off immediately upon hormone therapy discontinuation. However, there was no extant literature to serve as an a priori guide to how long this breast tissue effect might persist. Therefore, we relied on the original trial design, which specified a 3-month hormone therapy washout, recognizing that this duration was chosen with cardiovascular risk factor outcomes, not mammographic density, in mind. The bias from a too-short washout period would be null-the effects of endogenous hormones would be less evident when the breast tissue is still under the influence of exogenous hormone therapy. Similarly, how long it takes for hormone levels to return to their native state after hormone therapy cessation is unknown. Although a between-groups comparison cannot directly address the question of how long a within-woman hormone washout takes, table 2 shows that estradiol, estrone, and bioavailable estradiol do not differ significantly between women who had to quit hormone therapy to join PEPI and those who did not. Finally, the models presented here include terms for ever use of hormone therapy, recency of hormone therapy use, and an interaction between ever use of hormone therapy and recency of hormone therapy use.
We found that higher endogenous estrone, total estradiol, bioavailable estradiol, progesterone, and SHBG levels were associated with greater mammographic density, providing one plausible pathway by which endogenous hormones affect the risk of breast cancer: higher hormone levels leading to higher density leading to higher cancer risk. These results are exciting. The associations between sex steroids and mammographic density line up in the same way as the associations between sex steroids and breast cancer, offering further biologic support to the notion that mammographic density is a surrogate marker for breast cancer risk-sorely needed given the long preclinical stage of this disease. These findings also invite further exploration of whether other hormones and/or genetic polymorphisms in hormone metabolic and receptor pathways explain variation in endogenous breast density. Knowledge of factors that predict endogenous density may provide a stepping-stone toward identifying and testing interventions designed to favorably modify those factors, perhaps ultimately reducing breast cancer risk.
